The circles are the data points and the solid line is an exact calculation with the recombination parameters from the small signal technique. The dash line is the linear fit using a differential lifetime of 1.7 ns. (b) Turn-on delay versus normalized inverse current pulse height as the pulse height is increased and zero prebias. The solid line shows the linear fit using a lifetime of 2.6 ns.
the turn-on delay data under the conditions to extract T&, which is found to be 1.7 ns compared with the 1.6 ns measured in the small signal approach. Figure 3b shows The use of femtosecond lasers allows materials processing of practically any material with extremely high precision and minimal collateral damage. Advantages over conventional laser machining (>nanosecond pulses) are realized by depositing the laser energy into the electrons of the material on a time scale short compared to the transfer time of this energy to the bulk of the material, resulting in increased ablation efficiency and negligible shock or thermal stress. In dielectric materials irradiated with femtosecond pulses,' initial free electrons are produced by multiphoton ionization. These electrons are accelerated in the laser field and produce additional free electrons by collisional ionization (the relative ratio of the two mechanisms is pulse width dependent). A critical density plasma is formed in a thin layer (-1 pm) at the surface of the dielectric and ablation occurs by expansion of the 1-1000 eV plasma away from the surface. Very little energy (shock or thermal) is coupled into the bulk material because the pulse duration is shorter than the characteristic energy transfer time (a few picoseconds for most dielectrics) of the electrons to the lattice.
From the standpoint of this mechanism of laser interaction, enamel, bone, etc. are simply dielectrics and exhibit the same behavior as materials examined in the initial experiments (SiO,, CaF,, etc.) . Shown in Fig. la are electron micrographs of the surface ofa tooth following material removal by a 1.4-11s laser pulses and 350-fs pulses. The pulses are produced by a variable pulse duration laser operating at 1054 nm. Cracking of the surrounding material and the uncontrollable nature of material removal by thermal shock are readily apparent in the enamel irradiated by nanosecond pulses. In
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CTuRl Fig. 1 (a) Drilling of enamel with 1.4 ns, 30 J/cm2 laser pulses. Enamel is removed by a conventional thermal mechanism resulting in cracking and collateral damage from temperature rise and thermal shock. (b) Drilling of enamel with 350 fs, 3 J/cm2 laser pulses. Enamel is removed by a nonthermal mechanism that eliminates collateral damage and leaves the surface in its natural state. this regime, thermal stresses build up causing ablation first from the point with the least material strength. By contrast, the morphology in the femtosecond case is characteristic of internal enamel and there is no evidence of heat transfer into the surrounding material. Extreme precision in the position of material removal is possible as a result ofthe strong intensity dependence of the multiphoton initiation step. Figure 2 shows the cross section of a conical hole drilled in a tooth by subpicosecond laser pulses. There is no collateral damage evident in the bulk tissue.
The change in material removal mechanism away from a thermal process results in a minimal increase in temperature of the surrounding material and a significant reduction in the shock to the bulk material. Thermal measurements show that in the case of nanosecond pulse ablation, the bulk temperature of 1-mm slice of tooth increased by over 40°C while for femtosecond pulses the temperature rise was less than 2°C (Fig. 3) . The fluence in each case was set to remove 1 p m depth of material per pulse. This required 30 J/cm2 for the ns pulses and only 3 J/cm2 for the fs pulses. The practical consequences in dentistry are substantial. In the case of existing laser systems, active cooling of the tooth is necessary to prevent permanent damage to the pulp (5°C increase) while no cooling is necessary with femtosecond laser pulses. CTuRl Fig. 3 Temperature increase of bulk tooth resulting from drilling with nanosecond (circles) and femtosecond (squares) laser pulses. In both cases, the laser wavelength was 1054 nm and the material removal rate was 1 pdpulse at 10 Hz.
CTuRl Fig. 2 Cross section of a conical hole drilled in tooth with femtosecond laser pulses. With no thermal shock, there is no collateral damage to adjacent tissue.
In metals, by choosing the laser pulse duration such that the thermal penetration depth is on the order of the optical skin depth, very small amounts of material (0.01-1 pm) can be precisely removed with minimal transport of energy by either shock or thermal conduction away from the volume of interest. Extremely high aspect ratio cuts (Fig. 4) are possible with no heat affected zone. This allows cutting of materials with minimal material removal and no damage to surrounding areas. Slots of various shapes can be cut by tailoring the spatial beam profile (Fig. 5 ) 1749-1761 (1996) .
CTuRl Fig. 4 High aspect ratio kerfs can be produced in metals with no heat-affected zone.
CTuRl Fig. 5 Groove cut in stainless steel with 130-fs flat-top beam. The advantages of ultrashort laser pulses in material processing has already been demonstrated for a variety of material^.'-^ They are most obvious in case of solids with a high thermal conductivity, such as metals, for which a precise, melting free ablation has recently been demonstrated? For an efficient use of ultrashort pulse lasers in material processing a thorough knowledge of the fundamental laws governing the interaction of laser radiation with matter is necessary. In this contribution theoretical and experimental investigations on short-pulse Tksapphire laser interaction with copper are reported. It is shown that for subpicosecond pulses, in the fluence range of <IO J/cm2, two regimes of laser ablation can be identified. At lower fluences (F < 600 mJ/cm2) thermal effects can be neglected, and the ablation rate per pulse scales with the optical penetration depth ( l / a = 10 nm) as (see Fig. 1 CTuR2 Fig. 2 Groove produced in steel using 140 fs Tisapphire laser pulses with a repetition rate of 1 kHz.
